Inhibitory interneurons help transform the input of a neural circuit into its output. Such interneurons are diverse, and most have unknown function. To study the function of single amacrine cells in the intact salamander retina, we recorded extracellularly from a population of ganglion cells with a multielectrode array, while simultaneously recording from or injecting current into single Offtype amacrine cells that had linear responses. We measured how visual responses of the amacrine cell interacted both with other visual input to the ganglion cell and with transmission between the two cells. We found that on average, visual responses from Off-type amacrine cells inhibited nearby Off-type ganglion cells. By recording and playing back the light-driven membrane potential fluctuations of amacrine cells during white noise visual stimuli, we found that paradoxically, increasing the light-driven modulations of inhibitory amacrine cells increased the firing rate of nearby Off-type ganglion cells. By measuring the correlations and transmission between amacrine and ganglion cells, we found that, on average, the amacrine cell hyperpolarizes before the ganglion cell fires, generating timed disinhibition just before the ganglion cell spikes. In addition, we found that amacrine to ganglion cell transmission is nonlinear in that increases in ganglion cell activity produced by amacrine hyperpolarization were greater than decreases in activity produced by amacrine depolarization. We conclude that the primary mode of action of this class of amacrine cell is to actively gate the ganglion cell response by a timed release from inhibition.
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multielectrode recording | computational modeling I n local neural circuits of the brain, interneurons change the output of the circuit by combining their own transmission with inputs to the circuit (1) . Inhibitory interneurons throughout the brain have great diversity in their morphology, postsynaptic connections, and biochemistry, but for nearly all of these cells, their functional role in information processing is unknown. In the retina, inhibitory amacrine cells comprise more than 30 classes; most of these cells also have unknown function (2, 3) .
Compared with a principal neuron, which represents a circuit's output, understanding the functional role of interneurons is a challenge because the effect of an interneuron on the circuit's output is a combination of multiple circuit properties (4, 5) . For example, the effect of an amacrine cell on a retinal ganglion cell is a function of the amacrine cell's light response, its effects of transmission on the retinal ganglion cell, and of other visual input to the ganglion cell. Knowledge of all three of these properties is needed to predict how the amacrine cell will affect the ganglion cell's activity.
The responses of different cells are precisely timed in the retina, with different amacrine and ganglion cells having distinct temporal responses with respect to light (6) (7) (8) (9) . Inhibitory transmission to ganglion cells is known to have different effects, including reducing activity (6, 10) , or increasing activity through disinhibition (11) (12) (13) (14) . Thus, to understand how a particular amacrine cell changes the ganglion cell response, measurements of both the response and transmission of the interneuron must be temporally precise.
A common approach to understand how interneurons influence a neural circuit is to study their combined inputs by voltage clamping the postsynaptic cell (6, 8, 13) . In this regard, recordings from retinal ganglion cells have revealed that inhibitory neurotransmission can suppress activity and that relief from inhibition can generate activity (12) (13) (14) . This approach, however, measures only the combined effects of many interneurons and not their individual contributions. Thus, it is not clear whether particular amacrine cells suppress or activate ganglion cells, or produce a combination of the two effects.
Here, we take a different approach to understand directly the function of single interneurons. We use simultaneous intracellular recording from an amacrine cell and multielectrode extracellular recording from ganglion cells to characterize the effects of a single amacrine cell on ganglion cell activity. With this configuration, we measured both the amacrine cell's light response and the response of nearby ganglion cells. By injecting timed intracellular current in the amacrine cell while presenting a visual stimulus, we observed how the amacrine cell's transmission changes ganglion cell activity. We found that although an amacrine cell produced inhibitory transmission, during a randomly flickering visual stimulus the effects of disinhibition exceeded those of inhibition, such that the net transmission from the amacrine cell increased ganglion cell activity. Furthermore, by measuring the timing of amacrine and ganglion cell visual responses and the timing of amacrine transmission, we conclude that the primary action of the amacrine cell is to gate the activity of the ganglion cell through the relief of inhibition.
Results
Amacrine cells differ in how much their responses are rectified. They vary from being linear, in that depolarizations and hyperpolarizations are more symmetric about the mean membrane potential (Fig. 1A, Top) , to having a high threshold, such as for On-Off cells (Fig. 1A, Middle) . To quantify this asymmetry, we measured the third central moment, or skewness γ of the response to a uniform field flash, and found that cells with linear responses formed a cluster near γ = 0, distinguishing these sustained amacrine cells from other cells with a more skewed response (Fig. 1A, Bottom) . Here, we study this functional class of amacrine cells with linear responses, although this cluster is likely composed of multiple cell types. In particular, we focus on Off-type amacrine cells to measure how their visually driven responses affect the output of the retina.
To directly measure the effect of individual amacrine cells on ganglion cell activity, we recorded intracellularly from an ama-crine cell while simultaneously recording from a population of ganglion cells with a multielectrode array ( Fig. 1 B and C) . We studied biphasic Off-type ganglion cells, as classified based on their reverse correlation with a uniform field visual stimulus (Fig.  1B , Right) (9). These cells subdivide into two distinct types with different adaptive properties (15) , each of which forms an independent mosaic. Results here are pooled from the two types. To measure the time course and sign of transmission between individual amacrine cells and ganglion cells, we injected white noise current into the amacrine cell with a SD of 500 pA while presenting a white noise visual stimulus (Fig. 1C) . Because the inner retina adapts to the stimulus contrast by changing its sensitivity (16, 17) , the visual stimulus was included to maintain the retina in a similar state of adaptation in the current injection and control conditions.
With this configuration, we simultaneously performed many paired recordings with one presynaptic cell and many postsynaptic ganglion cells. Using the method of reverse correlation between ganglion cell spiking activity and the injected current, we measured the average time course of amacrine transmission by computing a linear temporal filter between amacrine current and the ganglion cell firing rate (Fig. 1D ). This filter represents the average effect on ganglion cell firing rate of a brief impulse of depolarizing current injected into the amacrine cell. Equivalently, this filter can be interpreted as the time-reverse of the amacrine current stimulus feature that the ganglion cell was most sensitive to, on average. Because the injected current was uncorrelated with the visual stimulus, the transmission filter of the amacrine cell could be computed without respect to the visual stimulus. The filter had a negative peak at 37 ± 12 ms (mean ± SD, n = 36 cell pairs), indicating that, on average, a brief impulse of current through the amacrine cell membrane inhibited the activity of nearby ganglion cells. Equivalently, the ganglion cell was most active, on average, when the amacrine cell was hyperpolarized by current according to the time-reverse of the filter. However, because in the white noise stimulus there were equally as many depolarizations as hyperpolarizations, one cannot conclude whether the decrease in ganglion cell firing produced by depolarizing current was the same magnitude as the increase in ganglion cell firing produced by hyperpolarizing current. Note that this approach measures the effects of all pathways between the amacrine and ganglion cells, including chemical monosynaptic, polysynaptic, and electrical synaptic transmission.
In contrast with previous measurements in the catfish of the linear transmission filter between amacrine and ganglion cells, we found that all transmission between Off-type amacrine and Off-type ganglion cells was inhibitory (18) . This difference may reflect the larger currents used in the previous study.
The sign and delay of transmission is only one component that determines an amacrine cell's effect on the ganglion cell during a visual stimulus. Equally important is how the visual response of the amacrine cell relates to the rest of a ganglion cell's visual input. For example, if inhibition was delivered when the ganglion cell was far below threshold, no effect on activity would result. Thus, we sought to measure the effect of amacrine transmission on ganglion cell activity not when the timing of that transmission was controlled randomly by the experimenter, but when the timing was controlled by the visual stimulus.
To measure the effect of an amacrine cell's visual response on the circuit, we designed an approach that could make a single amacrine cell's voltage fluctuations larger or smaller. During repeated flickering visual stimuli, retinal ganglion cell responses are highly reproducible, with individual spikes generally aligning to within <10 ms (19) . We tested whether amacrine cell membrane potential responses to random flicker were also precise by comparing the membrane potential responses between 100-s repeats of an identical stimulus sequence (Fig. S1A ). We found that indeed, these responses varied very little between repeats, having a correlation coefficient of 0.96 ± 0.01 (n = 4). Given the high reproducibility of amacrine and ganglion cell responses, we perturbed the output of an amacrine cell at the times determined by its own light-driven membrane fluctuations.
First, we recorded the membrane potential response from an amacrine cell and the spiking responses from a population of ganglion cells ( Fig. 2A) . Then, we repeated the same visual stimulus while injecting a current into the amacrine cell designed to amplify its voltage fluctuations and, thus, its effect in the circuit. First, we measured the membrane time constant of each amacrine cell by injecting current pulses (Fig. S1B) . After re- cording the amacrine cell's visually driven membrane potential fluctuations, we computed a current to inject by deconvolving the measured membrane potential response with an exponential filter representing the membrane time contrast, which averaged 17 ± 7 ms (n = 6). In this way, we injected a current predicted to generate the measured membrane potential response ( Fig. S1 C and D). Although the high resistance of the sharp microelectrode prevents a measurement of voltage when injecting high frequency current, we estimated the resulting voltage change and found it not to require high precision in the measurement of the membrane time constant (Fig. S1 C and D) . Because responses in the retina are highly reproducible, this approach serves to amplify the cell's depolarizations and hyperpolarizations, thus increasing its effect in the circuit. Likewise, by injecting a negative version of this same current, we produced changes in membrane potential that would oppose the effect of visual input on the amacrine cell ( Fig. 2A, Right) . We compared the firing rate of the ganglion cell under the control condition to when the amacrine cell's transmission was amplified and to when transmission was diminished. Surprisingly, although the amacrine cell's transmission was inhibitory as measured by white noise current injection (Fig. 1D) , we found that when we amplified the output of individual amacrine cells, the firing rate of ganglion cells within 200 μm increased by a factor of 1.38 ± 0.12 (n = 11, P = 0.005, paired Student's t test) (Fig. 2D) . When we diminished the output of single amacrine cells by injecting an inverted version of this current, activity in ganglion cells within 210 μm decreased by a factor of 0.81 ± 0.05 (n = 15, P = 0.03). In the amplified condition relative to the diminished condition, the firing rate for ganglion cells within 200 μm was greater by a factor of 1.93 ± 0.34 (n = 11, P = 0.02). This change in transmission decayed with a space constant of 83 μm and was not significantly correlated with the ganglion cell firing rate (correlation coefficient r = −0.16, P = 0.28). Thus, even though the transmission of the amacrine cell was inhibitory, on average the effect of the amacrine cell's transmission during a visual stimulus was to increase the firing rate of nearby ganglion cells. To explain this apparent paradox, we compared the timing of the responses of the amacrine cell and ganglion cell.
We measured the correlation over time between pairs of amacrine and ganglion cells by computing the average amacrine cell membrane potential surrounding a ganglion cell spike (Fig.   3A ). We found that on average, amacrine cells hyperpolarized 40-60 ms before the ganglion cell fired and then reached a peak depolarization within 20 ms after the ganglion cell spiked (Fig. 3  A, C, and D) .
To find the source of the correlation between amacrine and ganglion cell (the response correlation), we examined the response of each cell to the visual stimulus. Using the standard method of reverse-correlation, we computed the average visual stimulus that preceded a spike in the ganglion cell (the spiketriggered average) and the stimulus that preceded a brief depolarization of an amacrine cell (Fig. 3B) . For each cell, this function represents the most effective visual stimulus (MES) that activated or depolarized the cell. The MES of the two cells was different, such that the amacrine cell was more monophasic and its peak was more delayed than that of the ganglion cell. We tested whether different MES could explain the response correlation between cells. This need not be the case, for example, if the amacrine and ganglion cell responded to the same type of stimuli on average, but never at the same time, they would have a similar MES although they were anticorrelated with each other. We correlated the two MES and compared the result with the response correlation between amacrine and ganglion cell (Fig. 3C) . The MES correlation predicted the response correlation accurately, such that the correlation coefficient between the MES correlation and the response correlation was 0.99 ± 0.002 (n = 22). Thus, the response correlation (Fig. 3C) between the two cells is explained by the different time courses of their visual sensitivity (Fig. 3B) .
Neither measurements of correlation alone (Fig. 3C ) nor isolated measurements of transmission (Fig. 1D ) are sufficient to predict how an interneuron will affect the circuit under normal operation. To estimate the combined effect of the amacrine cell's response and its transmission on ganglion cell activity, we predicted the transmission of the amacrine cell as a function of time during the control visual stimulus. We made the assumption that the transmission filter measured during white noise current injection was unchanged in the control condition. We then predicted the amacrine cell's transmission by convolving the transmission filter with the membrane potential response to a uniform flickering random stimulus (Fig. 4A) . The transmission filter measured with injected current (Fig. 1D) is a combination of both the amacrine cell's membrane time constant and its trans- mission as driven by the membrane potential. Thus, to compensate for the discrepancy in the measured transmission filter, we deconvolved the resulting predicted transmission g T (t) by this membrane time constant. To predict the average transmission from an amacrine cell near the time of a ganglion cell spike, we then computed the spike-triggered average of g T (t) (Fig. 4B) . We found that the net effect of the amacrine hyperpolarization (Fig.  3C ) and the delay in inhibitory transmission (Fig. 1D) cause disinhibition to peak close to the time of a ganglion cell spike. Note that the two measurements of correlation and transmission need not combine to match the time of ganglion cell spiking, because an amacrine cell that is correlated with a ganglion cell by common visual input need not even connect to that ganglion cell. Furthermore, a biphasic filter could shift the peak of the predicted transmission to an earlier time. Nonetheless, nearly all amacrine and ganglion cell pairs were similarly timed, such that on average, the amacrine cell had a positive (disinhibitory) contribution to ganglion cell activity, peaking 15 ± 8 ms (mean ± SD) before a ganglion cell spiked (Fig. 4C) . We next examined how well the predicted magnitude of disinhibition matched ganglion cell activity by computing a nonlinear function that mapped the predicted amacrine transmission to the measured ganglion cell firing rate (Fig. 4D) . We found that this function had a very high threshold such that ganglion cell activity occurred only when the predicted transmission was well above the mean, corresponding to when inhibition was lowest. On average, the half-maximal value of ganglion cell activity occurred at a value 1.87 ± 0.13 (n = 29) SDs above the mean of the predicted amacrine transmission. The effect of the high threshold between predicted amacrine transmission and ganglion cell activity was that when inhibitory transmission was low (g T (t) > 0), a greater modulation of activity occurred than when inhibitory transmission was high (g T (t) < 0). This finding suggests an explanation as to why amplifying amacrine cell transmission increased ganglion cell firing rate (Fig. 2) . Amacrine hyperpolarizations caused a greater change in ganglion cell activity than did amacrine depolarizations, producing a net increase in firing rate.
This analysis examining the threshold relationship between amacrine transmission and ganglion cell activity was computed when no current was injected and was based on the assumption that the transmission filter was representative of transmission in the control condition. We confirmed this threshold independently by injecting white noise current into the amacrine cell as in Fig. 1 . We directly measured the threshold between amacrine and ganglion cell by computing a linear-nonlinear model (20) consisting of the linear temporal transmission filter followed by a static nonlinearity (Fig. S2) . In addition to capturing the sensitivity of the cell, the nonlinearity captures threshold and saturation, properties which are known to occur in synaptic transmission (21) (22) (23) . We found that the nonlinearity, in nearly all cases, was accelerating, meaning that the slope above the mean level of transmission was greater than the slope below the mean level, on average by a factor of 6.7 ± 1.9 (n = 28 cell pairs). This result confirms that the effect of disinhibition when the amacrine cell hyperpolarized was greater than the effect of inhibition when the amacrine cell depolarized.
Discussion
Here we have shown that increasing the light driven fluctuations of inhibitory Off-type amacrine cells increases the firing rate of nearby Off-type ganglion cells (Fig. 5) . These effects can be explained by the relative timing of the amacrine and ganglion cell's visual response (Fig. 5B ) and the timing of the amacrine cell's transmission. In response to common visual input, on average, the amacrine cell hyperpolarizes before the ganglion cell fires, and the timing of inhibitory transmission is such that the hyperpolarization of the amacrine cell causes disinhibition to peak just before the ganglion cell fires (Fig. 5C) . Furthermore, transmission from the amacrine cell crosses an increasing nonlinearity, such that disinhibitory effects on ganglion cell firing are greater than inhibitory effects. The finding that disinhibitory effects exceed inhibitory effects is consistent with recently measured examples of sustained off-type amacrine transmission using steady positive and negative current pulses (24) .
These studies measure the combined effects of multiple components of dynamic activity in a neural circuit, including the interneuron's response, the response of the circuit's output, and the transmission of the interneuron. Interactions between these properties illustrate that all of these measurements are needed to understand the contribution of a cell to the circuit. For example, without knowing the relative timing of amacrine and ganglion cell input, one would conclude that the amacrine cell primarily inhibits, reducing ganglion cell firing, instead of primarily disinhibiting. Because neural responses have multiple phases, hyperpolarizing and depolarizing at different times, failure to account for the timing of responses and transmission may yield a conclusion opposite to the neuron's true function. This notion is particularly relevant to newer techniques using optical stimulation of the brain (25) , which can be applied without measurements of the neural response.
Given the LN model of inhibitory amacrine transmission, we can consider the origin of the intervening threshold between amacrine and ganglion cell. One possible location is at a presynaptic terminal because of the voltage dependence of calcium currents (23) . However, if the source of this threshold were the amacrine cell's presynaptic terminal, the sign inversion of inhibitory transmission would occur after this threshold (Fig. S3A) . This location is inconsistent with the LN model of a negative filter followed by an accelerating nonlinearity (Fig. S2) . Instead, such a system would produce an LN model with an inhibitory filter followed by a saturating nonlinearity (Fig. S3A ). This circuit would cause amacrine cell fluctuations to produce a net inhibition of ganglion cell activity, the opposite of what we observed. An alternative is that the threshold lies not at the amacrine cell synaptic terminal, but at an intervening bipolar cell synaptic terminal. In this case, the threshold of the bipolar cell terminal calcium current would lie after the sign inversion produce by the inhibitory receptor, consistent with the LN model (Fig. S3B) . This arrangement implies more linear transmission The time course of inhibitory neurotransmitter was computed by convolving the amacrine cell response and the negative of the measured transmission filter to the ganglion cell. Thus, transmission is shown to represent inhibitory neurotransmitter, which decreases when the ganglion cell is active.
from the amacrine cell itself. Another possibility is that the threshold is produced by the spiking threshold of the ganglion cell, which also lies after the inhibitory receptor (Fig. S3B) . However, recent measurements of the spatial effects of sustained amacrine cells on ganglion cell receptive fields indicate that inhibition is presynaptic (24) . These results extend recent studies of sustained Off amacrine cell transmission that showed a modulatory effect on ganglion cell visual sensitivity (24) . The timing of transmission measured here with white noise current is faster than that estimated previously using steady pulses injected in the dark, and thus these results make more precise the timing of the amacrine pathway.
Studies here were conducted with uniform field stimuli. Because the amacrine cell was very near to the ganglion cell (≈200 μm), these results apply to the case where amacrine and ganglion cell receive similar visual input. In the case of spatiotemporal such as edges, if the amacrine and ganglion cell received differentially timed visual input, disinhibition may not occur with the same timing as we have measured, and the amacrine cell may act in a inhibitory manner to suppress firing, or may not affect ganglion cell firing. Studying the effects of spatiotemporal stimuli when amacrine and ganglion cells receive different input will be an important direction of future study.
Other disinhibitory effects have been described in the retina, measuring the combined effects of many amacrine cells. In the guinea pig, pharmacological measurements have suggested that AII amacrine cells carrying signals from cone photoreceptors hyperpolarize to disinhibit Off-type ganglion cells (12) . In the salamander retina, disinhibition has been shown in the context of a flash of light (11) , where hyperpolarization of GABAergic amacrine cells is thought to delay the truncation of the Off ganglion cell light response. Here, we have directly measured the overall output from single linear amacrine cells, confirming that these cells gate the ganglion cell response primarily through disinhibition.
The disinhibitory effects in linear amacrine can be contrasted with those of rectified amacrine cells. For example, polyaxonal amacrine cells have been shown to generate selectivity for differential motion by inhibiting object motion sensitive (OMS) ganglion cells (10, 26) . In contrast to the amacrine and ganglion cell pairs studied here, polyaxonal amacrine cells and OMS ganglion cells receive highly correlated excitatory input, such that the amacrine cell depolarizes just before the ganglion cell spikes. In addition, polyaxonal amacrine cells are silent most of the time and produce temporally sparse depolarizations from the resting potential. When the entire visual field moves coherently as in the case of fixational eye movements, transmission from these amacrine cells suppresses activity in the OMS ganglion cell population.
By comparing these two classes of cells, one can outline broadly two functions of inhibitory signaling in the retina. Strongly rectified amacrine cells are restricted to signaling by an increase in inhibition, which may lead to suppression of rejected visual features.
In other cells, including sustained Off-type amacrine cells and the AII amacrine cell (24, 27) , a significant amplitude of the light response is symmetric above and below the mean potential. Although this group of linear amacrine cells likely comprises multiple types, our results within this set are consistent and, thus, provide an indication of a general rule concerning this group of cells. The strong threshold that we observe after the amacrine cell (Fig. S2) implies that the baseline inhibition is near its maximum effect, thus causing the primary signaling mode to be restricted to a decrease in inhibition. Rather than suppressing unwanted features, these cells may serve to create or amplify a visual feature. Thus, observing the timing and nonlinearity of an amacrine cell's response and transmission reveals how these properties interact to control whether the cell conveys or suppresses visual information in the retinal circuit.
Methods
Simultaneous intracellular and multielectrode array recording was performed in the intact isolated retina as described (16) . Current was injected through sharp microelectrodes (150-250 MΩ) in bridge mode. Visual stimuli were uniform field and drawn from a Gaussian distribution with a constant mean intensity. Linear-nonlinear models of visual responses and of responses to current injection were computed as described (16) . Detailed methods are included in SI Methods.
